Despite the widespread clinical use of oxytocin (OT) as a potent and specific stimulant of labor, previous research data have not supported a role for OT in the physiology of normal human parturition. We have demonstrated synthesis of OT mRNA in amnion, chorion, and decidua using Northern blot analysis, ribonuclease protection assays, and in situ hybridization. Probes directed towards both the 3' and 5' ends of the gene have been used. Levels were highest in decidua with considerably less in chorion and amnion and very low levels in placenta. The transcript size in decidua appears to be 60-80 nucleotides smaller than the transcripts in amnion and chorion. OT gene expression in chorio-decidual tissues increased three-to fourfold around the time of labor onset. Estradiol stimulated synthesis of OT mRNA during in vitro incubation. These results support the hypothesis of a paracrine system involving OT and sex steroids within intrauterine tissues wherein significant changes could occur without being reflected in the maternal circulation. Such a paracrine system could rationalize a long-sought role for oxytocin in the physiology of human labor. These data may lead to novel approaches towards prevention or treatment of preterm labor. (J. Clin. Invest. 1993. 91:185-192.)
Introduction
Parturition in most mammalian species is preceded by a rise in estrogen and a decline in progesterone concentrations in maternal plasma (1) . These events occur over several hours or days before parturition and lead to changes that increase myometrial contractility. These changes include an increase in myometrial oxytocin (OT)' receptors and gap junction formation (2, 3) . Immediately prior to labor onset, neurohypophyseal OT is released into the maternal circulation (4) . This release is accompanied by increased production of prostaglandins from intrauterine tissues (5) . The end result is coordinated uterine contractions resulting in delivery of the fetus.
In the human, the mechanisms regulating the timing of parturition are poorly understood. Most investigators have failed to show any significant changes in maternal plasma concentrations of estrogen, progesterone or OT preceding labor onset (6) . We and others have hypothesized that the basic mechanisms underlying parturition may be similar in the human and other mammals but, in the human, events may occur in a paracrine fashion within intrauterine tissues, particularly within the amnionic and chorionic membranes and the maternal decidua. Thus, local alterations in the levels of paracrine regulatory factors could occur without being reflected in the maternal circulation. In this regard, we have demonstrated synthesis of estrogen and progesterone within intrauterine tissues and have shown a significant increase in the estrogen/progesterone ratio around the time ofparturition (7) (8) (9) . These tissues are also the sites of synthesis of prostaglandins that enhance myometrial contractions in labor ( 10, 11) .
Despite the widespread use of OT to induce or augment human labor, there is considerable doubt about the physiologic role of OT in normal human parturition. This doubt is based on the following findings: (a) most investigators have been unable to detect an increase in plasma OT before labor onset ( 12, 13) ; (b) there is no apparent correlation between plasma OT levels and myometrial activity ( 14) ; (c) plasma OT concentrations at labor onset are 10-1000-fold lower than the Kd of the myometrial OT receptors ( 15) ; and (d) human labor occurs normally in cases of maternal posterior pituitary dysfunction and in the absence ofOT from the fetal circulation (as in fetal anencephaly) ( 16) . On the basis of this dichotomy, we hypothesized that, like the steroid hormones, local synthesis of OT within intrauterine tissues in late human gestation may play an important role in regulating parturition. This would rationalize the clinical observations regarding the physiologic nature of OT-stimulated labor with the evidence suggesting that OT does not regulate the timing of labor onset in an endocrine fashion.
In this article, we study OT gene expression in amnion, chorion laeve, and decidua around the time ofparturition. The amnion and chorion are derived from fetal tissues. The amnion consists of a single layer of cuboidal epithelial cells on a loose connective tissue matrix. It is in immediate contact with the amniotic fluid on one surface and the underlying chorion on the other. The chorion laeve is an extension oftrophoblast cells around the entire uterine cavity. Except at the placental site, it is intimately in contact with the maternal decidua which, in turn, is contiguous with the myometrium. Thus, this potential paracrine unit is ideally situated to mediate signals of fetal or maternal origin to the pregnant myometrium and hence to play an important role in the timing ofparturition. Our experiments demonstrate by using Northern blot analysis, ribonuclease protection assays, and in situ hybridization that OT mRNA is synthesized within intrauterine tissues. Furthermore, OT gene expression is increased around the time oflabor onset and a similar increase can be stimulated in vitro by estradiol. These findings support our hypothesis of a paracrine system involving OT and sex steroids that may stimulate myometrial contractions in the absence of changes in maternal plasma concentrations.
Methods
Tissue preparation. Upon approval from the Human Ethics Review Board, tissues were obtained from uncomplicated pregnancies at term immediately after spontaneous labor and delivery or at repeat cesarean section prior to labor. The amnion is easily separated from the choriodecidua and is essentially free of contamination with other cell types. The adherent decidua is carefully dissected from the chorion. On histologic examination, the decidua has very little contamination with chorion cells but the chorion may contain up to 20% decidual cells ( 17) . After separation, the tissues, along with a sample of placental tissue, were immediately frozen in liquid nitrogen or processed for in situ hybridization. Corpora lutea were obtained from two patients who underwent ovariectomy. Human pituitaries (females ofreproductive age) were removed and frozen in liquid nitrogen at the time of postmortem examination. Care was taken not to include any hypothalamic tissue in the sample.
Tissue explant cultures. By using a sterile cork borer, 2.5-cm disks of unseparated amnion and chorio-decidual tissue were excised and incubated in "pseudo-amniotic fluid" ( 18) at 37°C in 95:5 air/CO2 for 12 h. This medium consists of electrolytes, glucose, urea, and albumin in concentrations similar to human amniotic fluid. Estradiol was added to the medium in concentrations of0, 0.1 and 1.0 nM. We have chosen this culture system because it allows study ofthe intact tissues in their own matrix and avoids the potentially artifact-producing procedures of cell dispersion and culture. In this system, the cells remain metabolically, endocrinologically, and histologically intact for at least 5 d (17) .
Northern blot analysis. Total RNA was isolated from the human tissues by the guanidine isothiocyanate/cesium chloride gradient technique and poly A' RNA was obtained using oligo dT cellulose columns ( 19) . 5 ug of poly A' RNA was fractionated on 1.5% agarose gel in the presence of 1.0 M formaldehyde and transferred to nitrocellulose filters (20) . The 3'-specific human OT cDNA probe (21 ) used in this study is 187 bp in length, including a 30-bp linker. It corresponds to the final 60 nucleotides ofexon 3 coding for the carboxy terminal end ofthe neurophysin-I molecule and the adjacent sequences of the 3' untranslated region. This is the area with least homology with the vasopressin gene and renders the probe specific for the oxytocin gene. The rat hypothalamic RNA was obtained and the antisense OT RNA probes were prepared as previously described (22) (22) . Filters were subsequently washed to a stringency of 0.05 x SSC at 65°C. Nitrocellulose filters were exposed to XAR or XRP X-ray films (Eastman Kodak Co, Rochester, NY) for [1] [2] [3] [4] [5] [6] [7] d. To confirm that equivalent amounts of RNA were loaded on each lane, blots were reprobed with 32P-labeled y-actin cRNA probes. The y-actin probe consists of 300 nucleotides of distal 3-untranslated region of the cDNA clone pHFyA (24) .
In situ hybridization. Tissues were immersion fixed, cryoprotected, and sectioned onto chromalum-subbed slides. After fixation in phosphate buffer containing 4% paraformaldehyde for 20 min and treatment with proteinase K, sections were prehybridized and hybridized with the "S-labeled 3'-specific OT antisense cRNA probe at 42°C (22) .
The hybridization solution was similar to that used for Northern blot analysis except for the presence of 20 mM DTT. After RNase treatment (200 ,g/ml) and washings up to 0.1% SSC at 42°C, slides were exposed to XAR X-ray film for 1-2 d to determine the optimum time of exposure with NTB-2 (Eastman Kodak Co., Rochester, NY). Slides were dipped in NTB-2 emulsion and exposed for 2-5 d at 4°C. Sections were developed, counterstained with hematoxylin and eosin, and analyzed by darkfield and brightfield microscopy. Control slides were incubated with sense cRNA probe of similar specific activity.
Ribonuclease protection assays. Total RNA from various tissues was isolated as described ( 19) . The ribonuclease protection assays were performed using a modification of a previously published technique ( 19) . Total RNA (70-100 ug) was hybridized to gel-purified human OT antisense 32P-labeled cRNA probe in 80% formamide and 20% PIPES for 16 h at 55°C. Template DNA was removed from the probe by treatment with ribonuclease-free DNase. After incubation with ribonucleases A (2.5 ,g/ml) and T, (330 U/ml) (Boehringer-Mannheim, Montreal, PQ), protected fragments were analyzed on 6% denaturing polyacylamide gels. The gel was exposed to XAR X-ray film with an intensifying screen for 1-7 d.
After extraction of RNA from the tissues, stock solutions were made for each sample and the concentration of RNA measured by spectrophotometry. For each gel, equal amounts of total RNA were used for each sample. To confirm that equal amounts of RNA were applied, in some experiments, the protection assays were performed using a probe to y-actin, a constitutive component of these tissues which we assume to be similarly abundant in the fetal membrane tissues and not to change with parturition. In that this mRNA is more abundant than the OT mRNA, smaller aliquots of RNA were necessary. 10 Mg of total RNA was used with the y-actin probe. In these experiments the y-actin probe corresponds to 270 nucleotides of the carboxyl-terminal coding region, 130 nucleotides ofthe 3' untranslated region, and 130 nucleotides of vector sequences.
The 5' human OT probe used in these studies consists of -360 nucleotides corresponding to the OT peptide coding region of exon 1 and all of exon 2.
For comparing amounts of OT mRNA between the cesarean section and spontaneous labor groups and for assessing the response to estrogen, laser densitometry was used to give quantitative data. Because of the heterogeneous variance in the small number of samples, statistical comparisons were performed using the Mann-Whitney U test with statistical significance being defined as a P value < 0.05.
Results
To determine whether OT mRNA is synthesized in intrauterine tissues, amnion, chorion, and decidua were dissected and RNA was isolated. OT mRNA was present in all three ofthese tissues (Fig. 1 a) . Levels were highest in maternal decidua and were approximately equal in chorion and amnion. We also examined a number of other human tissues and cell lines. OT mRNA was also expressed in human ovary, as previously described (25) , as well as in the pituitary and placenta, although levels were much lower than in the intrauterine tissues (Fig. 1  a) . No OT mRNA was detected in the human 4A neuroblastoma cell line or in rat cerebral cortex, even upon prolonged exposures. Hybridization of the same Northern blot to a probe specific for y-actin mRNA indicated that approximately equal amounts of poly A' RNA were present in each lane (Fig. 1 b) . Using the 3'-specific probe for human y-actin, no hybridization was detected in either the rat or human neural tissues.
The cellular localization ofOT mRNA was performed by in situ hybridization (Fig. 2) . Amnion, chorion, and decidua all demonstrated hybridization to the antisense cRNA probe (Fig.  2 b; for histology, see Fig. 2 a) . The (Fig. 2 c) .
To confirm these findings and to quantitate the relative levels of mRNA in different tissues, ribonuclease protection assays were performed (Fig. 3 ) . Hybridization of 00 ,ig of total RNA to a 12 P-labeled cRNA probe produced a protected band of -160 nucleotides, the expected size, in amnion, chorion, decidua, and placenta (Fig. 3 a) . As with Northern blot analysis, the decidua expressed greater levels of mRNA than either amnion or chorion. Specific hybridization to placental and ovarian mRNA (Fig. 3 a) (Fig. 3 c) .
Ribonuclease protection assays also were performed with a 5' probe that included the coding region for the peptide. A protected fragment was detected in total RNA from the choriodecidua (Fig. 3 b) (Fig. 4, a and b) . Scanning laser densitometry revealed that SL tissues contained three-to fourfold higher levels of OT mRNA than did CS tissues (Fig. 4 a; 1.8±0.2 vs. 0.6±0.1 U, P < 0.008 and Fig. 4 b; 3.0±0.5 vs. 0.8±0.7 U, P < 0.04). Similarly, when levels of OT mRNA were normalized by comparison with levels of y-actin mRNA in the same samples (Fig. 4 c), as determined by ribonuclease protection assays, the ratios of OT to y-actin were significantly higher in SL compared to CS tissues (P < 0.03). OT mRNA levels were similar in all of the different postlabor chorio-decidua samples, but were somewhat variable in prelabor samples, possibly owing to differences in the proximity to the time when spontaneous labor would have occurred in the elective cesarean section patient population.
One potential mediator of this increase in OT mRNA observed in the postlabor samples is estradiol. We have previously demonstrated that estradiol biosynthesis increases in human fetal membranes around the time of parturition (7). Estradiol increases synthesis and release of OT from the neurohypophyseal system (20, 26, 27) . To determine whether estradiol can increase OT mRNA levels in chorio-decidua, we incubated full-thickness membrane explants (amnion, chorion, and decidua) in the presence of various concentrations ofestradiol for 12 h. Ribonuclease protection assays of equal amounts of total RNA isolated from these explants indicated that estradiol (0.1 and 1.0 nM) increased OT mRNA content relative to controls incubated for the same period of time with no estradiol (Fig. 5 ).
Discussion
The results of this study demonstrate a new peripheral site of OT synthesis, the human intrauterine tissues of both fetal and maternal origin. The fetal membranes and maternal decidua are believed to play an important role in the metabolic events leading to the initiation of parturition (28) . The the highest local levels of OT synthesis may occur in the region immediately adjacent to the putative target organ, the myometrium.
Recently, it has been demonstrated that mRNA derived from the rat testis vasopressin gene is nontranslatable and corresponds to exons 2 and 3 without exon 1, the exon coding for the vasopressin peptide (29) . To ensure that exon 1 of the OT gene was transcribed in fetal membrane tissues, we performed ribonuclease protection assays to demonstrate hybridization to the 5' OT probe. The results (Fig. 3 b) prove that these tissues transcribe the regions ofthe OT gene that codes for the OT peptide and rule out the possibility ofsplice variation of OT mRNA.
An interesting observation in our study was the difference in size of OT transcripts from different intrauterine tissues. Chorion appeared to produce both of the transcripts although we cannot exclude the possibility that the smaller of the two is due to contamination of the chorion tissue with adherent decidua. Decidual OT mRNA is 60-80 nucleotides smaller than that synthesized by chorion, amnion, ovary, and placenta. In the chorio-decidua, this difference is not likely due to differences in the coding region of the mRNA since both the 5'-and 3'-specific probes were completely protected by RNA from these tissues. The difference in size may be due to a variation in the poly(A) tail length, as has previously been noted in bovine hypothalamic and ovarian OT mRNA (30 Our results also demonstrate that OTmRNA the human pituitary and corpus luteum thus suy vious studies in mammals (35) (36) (37) (38) (39) .
Comparison of prelabor and postlabor tissues 1o mRNA levels were higher after the spontane labor. We have used ribonuclease protection ass these comparisons not only because of the specifl assays but also because we feel that the solution step provides a better basis for quantification thfo blot analysis. Quantification by laser densitome that the three-to fourfold increase in OT mRNA tissues after the spontaneous onset of labor wai T CD significant. The OT mRNA levels tended to be similar in all postlabor chorio-decidua samples, suggesting that a maximal level ofgene expression had occurred. However, there was considerable variability in the prelabor samples which may be because these samples were obtained at varying intervals before *.
spontaneous labor would have occurred. Although we cannot determine if the increase in OT gene transcription was a cause or result of labor, this finding is consistent with the hypothesis that increased local synthesis of OT may play a role in the physiology of human parturition. A recent study (40) has demonstrated an increase in pulsatile bursts of OT in the maternal circulation prior to spontaneous labor. However, the origin of maternal circulatory OT is not known nor is its role in the initiation of labor. The data of Fig. 5 suggest that estradiol may regulate OT gene expression in fetal membranes. Previous studies have demonstrated that an increase in plasma estradiol at the time of parturition (1) and sexual maturation stimulates hypothalamic OT synthesis and release in the rat ( 19 (43, 44) . OT stimulates prostaglandin synthesis from decidua and amnion, and this stimulatory activity is greater in tissues collected after labor than before labor onset (45) (46) (47) . Decidual lies may thus and myometrial cells also contain OT receptors that increase tional regulagreatly around the time of parturition (48) (49) (50) . The resultant increased sensitivity of the uterus to OT may be an important is present in step not only in the second stage of labor, when circulating pporting preserum concentrations of OT are increased, but also in the initiaoituitary trantion of labor. A close temporal relationship between increased )varian tran-OT responsiveness and uterine prostaglandin synthesis has ated that OT been demonstrated in the rat (46) . Induction of labor with OT smaller than in women is successful only when OT infusion is associated whether OT with an increase in production of PGF2, (51, 52) . Suppression rted axonally of prostaglandin synthesis decreases myometrial OT responsiveness as well as OT binding sites (43) . These findings suprevealed that port the hypothesis that OT synthesized in decidua may act in -ous onset of an autocrine or paracrine fashion to stimulate intrauterine pros-,ays to make taglandin biosynthesis. In turn, prostaglandins stimulate synicity of these thesis of OT receptors and gap junction formation in myomeiybridization trial cells (53, 54 labor after infection of the fetal membranes (55, 56) . Mediators of the immune system stimulate synthesis and release of OT from the neurohypophysis. Christensen et al. (57) demonstrated a dose-dependent effect ofinterleukin-I 3 on the in vitro release of OT from the rat neurohypophysis. An increase in plasma levels of OT occurs after intravenous injection of lipopolysaccharides (58) . Of interest in this regard, the promoter region of the rat OT gene contains an interferon response element (59), suggesting the possibility of direct regulation ofthe OT gene by the products of the immune system. In addition, cytokines ( interleukins, tumor necrosis factor) and lipopolysaccharides stimulate prostaglandin biosynthesis from intrauterine tissues (60) (61) (62) (63) . Early induction of local OT synthesis in fetal membranes by any of these factors may have important consequences for the timing of parturition.
In conclusion, our findings suggest a potentially important role for OT in the physiology of human parturition. They also rationalize how this hormone, with such specific and potent ability to stimulate human myometrial contractions, may play a pivotal role in labor onset in the absence of significant changes in maternal plasma concentrations. The results are compatible with the hypothesis of an intrauterine paracrine system with positive interactions among OT, estradiol, and prostaglandins. The local increase in the estrogen/progesterone ratio in late pregnancy may activate OT gene transcription and increase the number of OT receptors in myometrium and decidua. The latter may sensitize both the myometrium and the decidua to any local OT, thereby leading to increasing contractile activity and increasing production of stimulatory prostaglandins, respectively. The increased prostaglandins would directly stimulate the myometrium and potentially lead to further increases in production ofOT and its receptor. This coordinated interaction involving estradiol, OT, and prostaglandins in human fetal membranes could ultimately result in the onset of parturition. Given that premature labor remains the major contributing factor to perinatal mortality and morbidity, and that potent OT antagonists recently have been developed (64, 65) , this information may be important both in understanding the regulation of human parturition and in preventing preterm delivery. Further studies elucidating regulatory mechanisms controlling OT gene expression in intrauterine tissues may lead to new strategies to prevent or treat premature labor.
